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Superconducting materials for magnets will be discussed from three
viewpoints:  firstly the basic physical properties of the materials
themselves, secondly the constraints and preferences imposed by the
requirements of magnet building and finally, the manufacture of magnet
conductors as a commercial product.
1 . INTRODUCTION
Superconducting materials for magnets have been manufactured on a commercial basis for
about 30 years and can now be regarded as a mature, but still evolving, industrial product.
Accelerators such as the Tevatron, HERA and RHIC have so far constituted the largest
individual units of consumption, but they are not the largest market.  The largest total sales per
annum have, over the last decade, been for the construction of magnets for medical MRI
imaging.
With the exception of a few small developmental magnets, all useable magnets built to
date have used the low temperature, high field, Type II superconducting materials.  The newer
high temperature materials are described elsewhere in these proceedings [1].  Niobium titanium
alloy NbTi is currently the standard ‘work horse’ of the superconducting magnet industry.  It
has been used in all accelerators so far constructed or planned, for all MRI systems and most
other magnets.  It is a ductile alloy with mechanical properties which make it easy to fabricate
and use.  
Figure 1 shows the critical surface of NbTi:  superconductivity prevails everywhere below
the surface and normal resistivity everywhere above it.   Superconducting magnets usually
operate at a fixed temperature, generally the boiling point of liquid helium ~ 4.2 K.  To see the
performance of the material at this temperature, one takes a slice through the surface at 4.2 K,
thereby obtaining the critical current density versus field, as shown in Fig. 2.   Also shown in
Fig. 2 is the typical operating domain for conventional magnets, in which the current density is
limited by ohmic heating and field is limited by the saturation of iron.  Superconducting magnets
do not need iron yokes, although iron is often used to screen the fringe field — and of course
they have no ohmic heating.  Current density is thus set only by the properties of the
superconducting material, although we shall see later that there are many practical considerations
which cause this very high current density to be diluted in practice.  Nevertheless, the operating
current densities of superconducting magnets are typically 1 – 2 orders of magnitude higher than
conventional magnets, which means that higher fields may be produced with more compact
windings.  This compactness, together with the lack of ohmic dissipation and the capacity for
higher fields, is why superconducting magnets are so attractive for use in particle accelerators.  
At 4.2 K the superconducting properties of NbTi are adequate up to fields of about 9 T,
after which they fall off steeply.  For magnets above this field, one of the brittle intermetallic
compounds, usually niobium tin Nb3Sn, must be used.  As shown in Fig. 2, Nb3Sn is able to
reach ~ 20 T, with even higher current density than NbTi, although in practice the dilution of
current density is greater in Nb3Sn conductors than NbTi.  For even higher fields, there are
several other intermetallic compounds which offer the possibility of higher performance than
Nb3Sn, but they have not yet been developed commercially.
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Fig. 1  The critical surface of niobium titanium:
superconductivity prevails everywhere below
the surface and normal resistivity everywhere
above it.
Fig. 2  The critical current densities at 4.2 K
of NbTi and Nb3Sn.  Also shown for
comparison is the usual operating region of
conventional iron-yoke magnets with water-
cooled copper windings.
In the following three sections, we first describe the physical properties of the main
magnet materials.  We then move on to discuss the particular constraints, problems and
performance requirements which arise when these conductors are used in magnets. On the basis
of these constraints, we define a set of design criteria for magnet conductors and then describe
the practical industrial production of magnet materials.
2 . SURVEY OF MATERIALS
2 . 1 Properties of the technical type II superconductors
As described in other lectures [2], the key parameters of critical field, temperature and
current have rather different origins.  Critical temperature and field are essentially determined by
the chemistry of the material, whereas critical current is determined by its microstructure.
Critical temperature of the material in zero field is simply related to the superconducting energy
gap by:
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where kB is Boltzmann’s constant and D(0) is the energy gap at zero degrees.  For Type II
superconductors in the so called ‘dirty limit’, the upper critical field at zero temperature (and
zero current density) is approximately given by [3]:
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where g  is the Sommerfeld coefficient of electronic specific heat and r n is the resistivity in the
normal state.  Thus the section through Fig. 1 in the plane of zero current density is totally
determined by the chemistry of that material.
Critical current density is quite a different matter.  In their pure uniform annealed state,
Type II superconductors carry no current in the bulk, only on their surface.  As described in
earlier lectures, the magnetic field penetrates these superconductors in the form of quantized
fluxoids.  For a uniform material, the fluxoids arrange themselves into a regular lattice, as
shown in Fig. 3.  A uniform array means a uniform field and hence, from curl B = µ0 J , the
current density is zero.
Fig. 3  Fluxoid lattice in a Type II superconductor,
sketch shows firstly a uniform lattice and secondly
a gradient, which results in a bulk current density
Fig. 4  The critical temperature and
upper critical field of NbTi at 4.2 K as
a function of alloy composition [4]
 In order to promote the flow of currents within the bulk material, it is necessary to
produce a non-uniform fluxoid lattice, with a gradient in density.  Such density gradients may
be produced by means of pinning centres, i.e. non-uniformities in the microstructure of the
material which cause the energy of each fluxoid to vary with position, thereby giving rise to
minimum energy configurations.  In this way, the natural tendency of the fluxoids to form a
uniform lattice is opposed and concentration gradients can be built up.  There are a variety of
microstructural features which can serve as pinning centres.  As described in [2], the flux
carried by an individual fluxoid is:
φ0 = h2e = 2 ×10
−15
   Webers (3)
This is a small quantity, it is approximately the flux enclosed by the cross section of human hair
in the earth’s magnetic field.  For fluxoids arranged in a regular triangular lattice, producing an

















For a field of 5 T, the spacing is thus 22 nm.  To provide effective flux pinning at 5 T, a
material must therefore have microstructural features on a scale of ~ 20 nm.
Unlike critical field and temperature, critical current density is thus a parameter which
must be ‘engineered’ by modifying the microstructure.  The characteristic curve of Jc versus B
shown in Fig. 2 is a standard design tool of all magnet builders and maximum current carrying
capacity at a given field is their usual criterion of goodness.  Much effort has accordingly been
devoted by materials scientists and conductor manufacturers to understanding and improving the
critical current density, with the result that it has steadily improved over the years.
2 . 2 Niobium titanium
Niobium and titanium are mutually soluble to form ductile alloys over a wide range of
compositions.  One may thus choose the composition for optimum critical properties.  Figure 4
shows how the critical temperature and upper critical field of NbTi at 4.2 K vary as a function
of composition.  Although the broad optimum in critical temperature occurs towards the lower
end of titanium content, commercial alloys are almost always formulated for optimum critical
field, in the range Nb46.5 to 50wt%Ti.  The optimum critical field and critical temperature do
not occur at the same composition because the normal state resistivity increases with titanium
content, see Eq. (2).  A ternary element, most commonly tantalum, may also be added to the
alloy to produce a modest increase in Bc2 of ~ 0.3 T at 4.2 K, rising to 1.3 T at 1.8 K [5].
Originally it was thought that the principle source of flux pinning in NbTi came from the
dislocation cell structure in the wire, which is heavily cold worked in order to reduce it to final
size.  Thanks to the work of Larbalestier and the Wisconsin group however it has now become
clear that most of the flux pinning is provided by finely divided deposits of the ‘a phase’, a
titanium-rich phase which is precipitated on the dislocation cell boundaries as a result of the heat
treatments which are applied during manufacture.   As noted above, for optimum pinning the
precipitate cell size should be matched to the fluxoid spacing.  Figure 5 shows an electron
micrograph of a NbTi filament which has been processed in such a way as to achieve one of the
highest current densities reported to date:  3700 A/mm2 at 5 T.  Figure 6 provides convincing
support for the theory that a Ti is the main source of pinning by plotting Jc versus a  Ti content
for this particular conductor.
A recent development in the technology of NbTi has been the use of Artificial Pinning
Centres APC.  These pinning centres are produced by incorporating fine fibres of a different
metal, such as copper or niobium, into the NbTi and then drawing down until the APC fibres
have a size and spacing comparable with the fluxoid lattice spacing.  To date, some very high
current densities have been obtained at moderate fields [6], but less so at high fields.
The continuing push towards higher fields has lead to NbTi being used at temperatures
lower than 4.2 K.  The LHC is designed to operate in superfluid helium at 1.9 K, where the
upper critical field of NbTi is increased from its 4.2 K value of ~10.5 T to ~14.2 T.   High
current densities can thus be achieved up to 10 T and the use of superfluid brings many other
benefits in terms of better cooling and stability.
2 . 3 Niobium tin
At present, Nb3Sn is the only other magnet conductor to be produced on a regular
commercial basis.  Unlike NbTi, niobium tin is a brittle intermetallic compound having a well
defined stoichiometry Nb3Sn.  The crystal structure is of the type A15, which is shown in
Fig. 7.  This structure is shared by many other high field Type II intermetallic compounds.  
Fig. 5  a) Transmission electron micrograph of a
Nb-45wt%Ti superconductor manufactured by
Oxford Superconducting Technology.  The
white regions are precipitates of a  titanium,
which are thought to provide the major source
of flux pinning.  b) Sketch of the fluxoid lattice
at 5 T on the same scale [4].
Fig. 6  Critical current density versus a
Ti content for the NbTi filament shown
in Fig. 5
Fig. 7  The A15 crystal structure Fig. 8  The maximum pinning force per unit
volume F = B*Jc versus effective grain size
for a Nb3Sn conductor produced via the
bronze process
Because it is brittle, Nb3Sn as such cannot be fabricated by a wire-drawing process, it
must be formed in situ at its final size.  Originally it was produced in the form of tape by either a
chemical vapour deposition process or by a diffusion process.  As we shall see in section 3
however, there are several good reasons for wanting the superconductor to be subdivided into
fine filaments and it has accordingly been necessary to develop processing techniques for
making Nb3Sn in this form.  The most popular of these techniques is the bronze process [7] in
which filaments of pure Nb are drawn down in a matrix of CuSn, bronze.  When the wire has
been drawn down to final size, it is given a heat treatment, during the course of which the tin
diffuses through the bronze and reacts with the niobium to produce Nb3Sn.
The dominant source of flux pinning in Nb3Sn seems to be the grain boundaries.
Figure 8 illustrates this by plotting, as a function of grain size, the maximum pinning force per
unit volume, which is defined as the product of critical current density and field.  In general, the
maximum pinning force occurs at about half the upper critical field.  
Producing the best critical current density in Nb3Sn is thus a matter of producing the finest
grain structure.  Unfortunately this requirement is in direct conflict with the equally important
requirement for optimum Bc and qc, which are only achieved by material of the right
stoichoimetry, i.e. Nb3Sn and not Nb3.2Sn.  In material which is produced by diffusion, good
stoichiometry is obtained by long heat treatments at high temperature, but unfortunately such
treatments also produce grain growth.  The optimum heat treatment is thus always a
compromise between the conflicting requirements of good stoichiometry and fine grain size.  In
this regard, the bronze process is helpful because the copper enables Nb3Sn to form at much
lower temperatures than with pure tin.  Other methods for achieving good stoichiometry without
excessive grain growth include fine subdivision and ternary additions.
If the bronze is to remain ductile enough for wire drawing, it must contain no more than
~15% of tin, in fact most practical conductors have so far been made with bronze containing
~12% tin.  At the end of the reaction, the depleted bronze remaining occupies at least ~ 4x the
volume of the niobium tin.  Unfortunately the electrical and thermal conductivity of this bronze
are not sufficient to play a useful role in stabilizing the conductor (see next section) and so the
space it occupies is essentially wasted, bringing an unwelcome dilution of overall current
density.  One expedient for reducing this dilution is to incorporate reservoirs of pure tin within
the cross section of the wire, the so called internal-tin process [8].  During heat treatment, this
additional tin migrates through the bronze to react with the niobium filament.  In this way, the
cross section of bronze needed to supply the required amount of tin may be considerably
reduced.
An alternative approach to  the production of Nb3Sn in filamentary form is the so called
ECN method [9].   In this process, niobium tubes are filled with NbSn2 powder and are then
drawn down in a copper matrix.  A heat treatment at final size causes the NbSn2 to react with the
niobium forming Nb3Sn.
2 . 4 Strain sensitivity
Like all the A15 compounds, Nb3Sn is very brittle.  In bulk form it fractures at a tensile
strain of ~ 0.3%.  In finely divided filamentary form, when supported by a surrounding matrix,
it can be strained to ~ 0.7% before fracture, but is nevertheless very fragile.  After reaction, the
wires must be handled with extreme care.  In fact the most reliable method of making magnets is
to wind the coils and then react the whole coil in its final configuration.
Even if it is not strained to fracture, Nb3Sn exhibits strong strain sensitivity.  Figure 9 (a)
shows the change in critical current of several different Nb3Sn filamentary composites at various
fields as a function of applied strain.  On closer investigation, it is found that much of the
complexity in this behaviour is caused by a precompression of the filaments by  the bronze
matrix, which contracts much more than the Nb3Sn when the conductor cools from its reaction
temperature to 4.2 K.  In fact, the rising part of the curve is actually a region of reducing
compressive strain in the Nb3Sn as the applied tension counteracts the thermally induced
precompression.  If one eliminates the differential contraction element and plots I/Ic as a function
of intrinsic strain one finds that all Nb3Sn conductors at the same field show the same
behaviour: critical current always reduces with strain, whether it is tensile or compressive.
Furthermore, the reduction becomes stronger at higher fields, indicating that the effects is
related to a reduction in Bc2.  Figure 9 (b) compares the strain behaviour of Nb3Sn made with
different ternary additions with some of the other A15 compounds mentioned in the next
section.  It may be seen that Nb3Sn is among the most strain sensitive.
Fig. 9.  a) The change in critical current produced by applying tensile strain to various Nb3Sn
composite conductors at various fields [10].  b) The change in critical current as a function of
intrinsic strain at B/Bc2 ~ 0.5 for various A15 superconductors [11].
2 . 5 Other intermetallic compounds of the A15 type
Figure 10 shows the upper critical field versus temperature for a selection of A15
compounds.  All of them have been worked on as potential magnet conductors but, to date,
none has reached the stage of commercial production or been used in a sizeable magnet.  As
with the other materials, Fig. 10 fixes the maximum q c and Bc2 for the (stoichiometric)
compound and the materials scientist must then use his ingenuity to produce a microstructure to
give the best flux pinning and hence the highest Jc.
Of all the candidate materials shown in Fig. 10, perhaps the most promising is niobium
aluminium because, as shown in Fig. 9 (b), it has the lowest strain sensitivity.  For this reason,
it has recently excited quite a lot of interest as a potential alternative to Nb3Sn in the project
ITER for a  large-scale fusion reactor.  Unfortunately there appears to be no equivalent of the
bronze process for Nb3Al, which means that the conflict between stoichiometry and grain size is
severe.  Nevertheless, some promising results have recently been obtained by processing
elemental Nb and Sn in finely subdivided form.  At final size, the wire is given a very rapid
high temperature heat treatment followed by a quench to about room temperature, which forms
stoichiometric, but amorphous, Nb3Al.  A subsequent heat treatment at lower temperatures is
then used to grow fine grains of the A15 phase [12].
Fig. 10  Critical fields and temperatures of
various high field superconducting materials
Fig. 11  Performance of a superconducting
magnet showing critical current of the
conductor and the magnet ‘load line’ which
relates peak field on the magnet to the
current flowing through its windings
3 . CONDUCTORS FOR USE IN MAGNETS
3 . 1 Degradation and training
An early problem of superconducting magnets, and one which still remains to some
extent, was the fact that conductors often failed to achieve in magnets the performance which
they reached in short samples.  Figure 11 shows a type of diagram frequently used in magnet
design.  The upper curve is the critical current of the conductor as a function of field and the
load line OQL relates the peak field seen by the magnet to the current flowing in its windings
(load lines are straight for air cored magnets but curved if iron is used).  The point at which the
peak field part of the magnet would be expected to reach its critical state is given by the
intersection CL, but in fact it was originally found that the magnets went into the resistive state
at much lower currents, typically in the region Q.  This transition of the magnet from
superconducting to resistive state is known as a quench.  It can be a very spectacular process,
because most of the stored inductive energy 1/2 L I 2 is dissipated as resistive heating in that
part of the conductor which has become resistive.  Quenching will be treated in another lecture
[13];  suffice here to note that it is an irreversible process and, once it has happened, one can
only turn off the magnet power supply, wait until the magnet has cooled down and then try
again.
Quenching at lower currents than the critical point CL of Fig. 11 is generally known as
degradation.  It is often accompanied by a related behaviour known as training and illustrated in
Fig. 12.  After successive quenches, the magnet is able to achieve progressively higher
currents, but still some variability in performance remains and very rarely does the magnet
achieve its full critical current.
Degradation and training are clearly undesirable in any magnet, but are particularly to be
avoided in an accelerator system, where up to 1000 magnets may be connected in series, such
Fig. 12  Training:  the progressive increase
in magnet quench current as a fraction of
the load line critical current after repeated
quenching
Fig. 13  Cryogenic stabilization (a) the
general principle:  if the superconductor
becomes resistive, current switches to the
parallel path in copper, ohmic heating is
removed via heat transfer to the liquid
helium.  (b) quantitative:  in units of power
per unit cooled area of the conductor surface,
for stability the generation line OQR must lie
below the cooling line OT.
that a single magnet quenching will bring the whole system down.  Strategies to avoid or
minimize degradation go under the generic name of stabilization;  they have important
consequences for conductor design, the most important of which are described in the following
sections.
3 . 2 Cryogenic stabilization
Historically, cryogenic stabilization was the earliest successful technique;  for the first
time it enabled magnets to work reliably at their critical field [14].  Figure 13 (a) shows the
general principle;  the superconductor is joined along its entire length to a conductor of low
resistivity (usually copper, sometimes high-purity aluminium) with a much greater cross
sectional area.  If for any reason the superconductor stops conducting, current switches to the
copper, where it generates heat.  By means of cooling channels in the magnet, the copper is
sufficiently well cooled for the ohmic heating to be dissipated without excessive temperature
rise.  Provided this temperature rise is less than a certain value, the superconductor eventually
resumes its full superconducting state, current transfers back to it from the copper and the ohmic
heating ceases.
  Figure 13 (b) shows the quantitative aspects of cryogenic stabilization.  The line OQR
plots ohmic power generation versus temperature;  the shape arises as follows.  For most
Type II materials at fixed field, the critical current density falls off linearly with temperature.
Thus in the section OQ of Fig. 12 (b), the current carrying capacity of the superconductor is
reducing with increasing temperature and the excess current is transferring to the copper.  At
point Q, all the current has transferred to the copper and further increases in temperature do not
change the power generation.  The variation of power generation with temperature is thus:
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where l  is the proportion of superconductor in the conductor cross section (the rest being
copper), Jc is the critical current density, q is the conductor temperature, q o is the temperature of
the cryogenic bath and q c is the superconductor critical temperature.  The variation of cooling
with temperature is:
H h o( ) ( )q q q= - (6)
where h is the heat transfer coefficient.  Note that G(q ) is defined per unit volume and H( q ) per
unit cooled area;  to bring them into line we need a factor A/P where A is the area of cross
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Further complications arise when the heat transfer coefficient is not constant, but the general
principle remains the same.
Cryogenic stabilization works well and indeed has made possible all the large
superconducting magnets in operation today.  Its big drawback is the large amount of copper
and cooling channel required to satisfy Eq. (7), despite the considerable reduction in r  which
pure metals show when cooled to low temperature.  Typical dilutions of current density are in
the range 20 to 50.  For large magnet systems such as detector magnets this dilution is not a
problem, but for accelerator magnets it is out of the question.  What is needed is a way of
reducing degradation without diluting the current density too much. To achieve this, we need to
understand a little more about the causes of degradation.
3 . 3 Flux jumping
The first cause of degradation to be investigated systematically was a phenomenon known
as flux jumping.  To understand what happens, let us consider a superconductor of simplified
‘slab’ geometry as shown in Fig. 14.  When a magnetic field is applied parallel to the broad face
of the slab, it induces currents which try to screen the inside of the slab – very much like eddy
currents except that they do not decay.  Figure 14 (b) is a plot of the magnetic field amplitude
across a section of the slab for various values of the external field.
To see how these field shapes arise, let us consider the effect of raising the external field
from zero in increments DB.  The first DB initially induces a current to flow in the surface of the
slab at very high current density.  Because this density is higher than the critical current density
Jc, the surface current decays resistively and magnetic field starts to penetrate the interior of the
slab.  As soon as the current density falls to Jc however decay ceases and the slab is left with
oppositely directed currents flowing at critical density on either face.  From curl B = m o J with
no variation in the y and z directions, we have dB/dx = m o Jc = D B/p where p is the penetration
depth of the field.  A second increment D B produces similar effects, with penetration to a depth
2 D B/ m o Jc.  This process continues until the whole slab is carrying critical current, at which
point the field has fully penetrated.  Further increases in field will penetrate the whole of the slab
without causing any change in the screening current pattern, which flows at critical density in
each half of the slab.
Fig. 14  (a) Screening currents induced to flow in
a superconducting slab by a magnetic field
parallel to the slab surface.  (b) Profile of
magnetic field across the slab showing the
reduction of internal field caused by the screening
currents.
Fig. 15  The change in screening
currents and internal field distribution
caused by a rise in temperature
Screening currents of this kind flow in any superconductor placed in an increasing field;
they flow in the windings of all magnets and are in addition to the transport current, i.e. the
current supplied to the magnet terminals from the power supply.  They work in such a way as to
ensure that the superconductor is always filled with current flowing at critical density. Screening
currents may become unstable because of the interaction between two inherent properties of
high-field superconductors
a)  critical current densities fall with increasing temperature;
b)  flux motion within the superconductor generates heat.
To see how the instability arises, let us carry out an imaginary experiment to measure the
specific heat of our slab while it is carrying screening currents in the external field.  We
thermally isolate the slab, supply a quantity of heat D Qs, and observe the temperature rise D q
The critical current density will be reduced by the temperature rise so that the screening currents
will encounter some resistance and decay to a lower Jc, illustrated by the dashed line in Fig. 15.
During decay the resistive voltage drop will be driven by the flux change within the slab,
generating heat.  In the region between x and x+d x this heat is:
d d dfq x I x E x dt J x xc( ) ( ) ( ) ( )= =
ò
(8) 
where df (x) is the flux change enclosed between the planes x and the centre line x = 0 (where,
by symmetry the electric field is zero) thus:
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we may now write the heat balance for the slab:










where C is the actual specific heat and g is the density.  However the effective specific heat
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The energy stored in the screening currents, represented by the last term in Eq. (13), has
reduced the effective heat capacity so that the temperature rise caused by a given D Qs is
increased.  The ultimate catastrophe occurs when this last term is equal to g C:  the effective heat
capacity goes to zero and the smallest disturbance will cause the temperature to rise without limit
— a flux jump.  If this happens in a magnet winding, the magnet will quench.  From Eq. (13),
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Because of the assumption that no heat is exchanged with the surroundings, this condition is
known as the adiabatic stability criterion. Fulfilment of the criterion in technical superconductors
demands a fairly fine degree of subdivision.  For example, niobium titanium at 4.2 K and 2 T
typically has the following properties:
critical current density Jc = 6 x 10 9 A m -2  
density g   =  6.2 x 10 3 kg m -3
specific heat C = 0.89 J kg -1
critical temperature q
 c = 8.6 K
so that flux jumps will occur when the half-width, a, exceeds 40 mm.  Spontaneous flux
jumping will not occur when a  is reduced below 40 mm but the effective specific heat will still
be markedly reduced, leaving the slab very susceptible to small energy inputs.  A safer criterion
is therefore to choose about half this dimension i.e. a = 20 mm  which gives an effective
specific heat  75% of its usual value.  Note that we have taken a low field value of  Jc  because
this gives a more conservative criterion — and there is always a low field region somewhere in
the magnet winding.
The adiabatic theory of jumping has been checked experimentally by a number of
workers.  A common approach has been to take a sample which is much larger than a
 FJ so that
flux jumping occurs long before the field has fully penetrated.  Theory similar to that outlined
above shows that a flux jump is to be expected when the external field reaches B FJ given by:
{ }B J p CFJ c o c c= = -m m g q q0 1 23 ( ) / (15)
Figure 16 shows that there is reasonable agreement between Eq. (15) and experiment.
Fig. 16  Comparison between Eq. 15 and
experimentally observed flux jumping fields
(data from [15])
Fig. 17  Cross sections of some
filamentary composite superconducting
wires for various applications, wire
diameter is typically ~ 1 mm (Oxford
Superconducting Technology)
Equation (14) is the fundamental reason why most superconductors for magnets are made
as fine filaments of size < 50 mm.  Because individual filaments of this size are difficult to
handle, conductors are always made in the form of multifilamentary composites, i.e. many fine
filaments of superconductor embedded in a matrix of normal conductor.  If the normal
conductor has low resistivity, (e.g. copper) it can provide an additional stabilization against flux
jumping by slowing down the motion of flux and by conducting away the resulting heat.  This
effect is known as dynamic stabilization.  A theory similar to that outlined above [16,17] gives a
















( ).( )q q l
l r
 (16)
where k is the thermal conductivity of the normal metal, r  is its resistivity and l  is the fraction
of superconductor in the composite.  Typical numbers give filament sizes similar to the adiabatic
criterion.
3 . 4 Filamentary composites
Figure 17 shows a selection of filamentary NbTi superconductors which have been
produced commercially for various applications.  The matrix material is almost invariably
copper, which is easy to process with NbTi and, as shown by Eq. (16), contributes towards
dynamic stabilization of flux jumping by virtue of its low resistivity and high thermal
conductivity (both of which improve at low temperatures).  However, the use of a high
conductivity matrix does create one significant problem, it couples the filaments together
magnetically.  Figure 18 illustrates this by showing two composites;  the first has an insulating
matrix, where the filaments behave quite independently.  In the second however, which has a
conducting matrix, screening currents are induced which cross over the matrix and are thus able
to screen more of the external field than currents which ‘go and return’ in the same filament.
Over a period of time, these currents will decay, but a simple calculation serves to show that,
for a magnet conductor of 100’s metres length, the time will be years.  
 The result of coupling is to make the composite behave as a single large filament, the
advantages of subdivision are lost and the whole composite once again becomes unstable to flux
jumping.  Fortunately this problem has a simple solution: twist the composite as shown in
Fig. 19.  A changing external field still induces screening currents to flow, but they must now
cross the matrix twice per twist pitch, thereby encountering sufficient resistance to limit their
amplitudes.  The screening currents flow along paths as shown by the dashed lines in Fig. 19,
i.e. along a filament and vertically down (parallel to the field) through the matrix.  It may be
shown [15] that the effect of these currents is to reduce the field inside the composite:
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 t is the effective transverse resistivity across the matrix and L is the twist pitch.  It is
interesting to note that t  is just the classical time constant for magnetic diffusion a distance
L/(4Ö 2)  into a bulk conductor of resistivity r
 t.  Equation (17) gives us a criterion for stability:
if the screened field (Be - Bi) is less than BFJ of Eq. (15), coupling between the filaments will
not cause flux jumping.
3 . 5 Stability against mechanical movement
Flux jumps, although originally the most serious, are unfortunately not the only source of
degradation in magnets.  Another problem comes from the possibility of sudden release of
mechanical energy within the magnet as the current and field are increased.  To get an idea of the
orders of magnitude, consider a conductor in a field B , carrying current density J in
superconductor which occupies a fraction l of the cross section.  If this conductor moves a
distance d under the influence of the Lorentz force, the work done per unit volume of conductor
is:
W B J= l d (19)
The mostly likely outcome is that this work will appear as frictional heating.   Taking some
typical values of B = 6 T, J = 1.5 x 10 9 A m -2 and l = 0.3,  we find that a movement of just
10 mm releases heat Q = 2.7 x 10 4 J m -3  which for a typical mix of copper and NbTi, will
raise the temperature by ~3 K.  Sudden movements of this kind are thus quite likely to quench
the magnet.
The problems of designing magnets to minimize the possibility of movement under
electromagnetic stress have already been dealt with in other lectures [18].  Suffice to say here
that it is quite difficult to engineer a magnet winding against movements of ~10 m m and that
attempts do so often result in other sources of mechanical energy release.  For example, if  a
substance like epoxy resin is used to fill little holes in the winding, there is a danger that the
epoxy may crack under stress (almost all polymers are brittle at 4.2 K) and the process of
cracking can release energies at least as great as the 10 m m movement.
Fig. 18  Composite conductor (a) with an
insulating matrix (b) with a conducting matrix
which couples the filaments together
Fig. 20  A minimum propagating zone
In general we may conclude that conductors in magnets will be subject to mechanical
energy inputs as the current and field are increased.  What most of these mechanical inputs seem
to have in common is that they are sudden and fairly localised.  In thinking about how to design
a conductor to cope with such disturbances, two very useful concepts are the ideas of the
Minimum Propagating Zone MPZ [19] and Minimum Quench Energy MQE.  Figure 20
illustrates the idea.  It is assumed that a sudden localized energy input has created a resistive
zone of length l in a conductor of cross sectional area A carrying current density J in the
superconductor which occupies a fraction l of the cross section, the remainder being copper of
thermal conductivity k and resistivity r.  If the zone is in steady state we may equate the heat
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Thus l is the length of a normal zone in which the ohmic heat generated is just equal to the heat
conducted out.  It is a state of unstable equilibrium, zones slightly smaller will collapse and the
superconducting state will be fully recovered, zones slightly larger will grow without limit and
quench the magnet.  The energy needed to set up the MPZ is the MQE — very approximately
for a conductor of cross sectional area A:







Clearly a large MQE is to be preferred because it means that the magnet will not quench so
easily.  Although Eq. (22) is only very approximate, it does give a useful idea of the general
scaling laws and the factors which should be optimized, i.e. a matrix with low r , high k and
g C.
A good way of increasing g C is to make the winding slightly porous to liquid helium,
because it has by far the highest heat capacity at this temperature.  Most accelerator magnets are
made this way.  Obviously reducing l  and J would also increase MQE, but this is usually the
last thing a magnet designer wishes to do!
3 . 6 Magnetization
The topic of persistent currents and field distortion will be covered in another lecture [20].
Here we only mention that the screening currents shown in Fig. 13 are equivalent to a
magnetization:
M J af o c= m 2
(23)
This magnetization causes field error in the magnet aperture and should therefore be minimized.
For this reason, it is often desirable to make the filament radius a much less than the size needed
for stability against flux jumping, for example, accelerator magnet conductors generally have
filament diameters of 5 – 10 mm.
Another source of magnetization is the coupling currents shown in Fig. 19, which give
rise to an additional component of magnetization:
M Bc i= 2 't  (24)
Here again, for accelerators it may be desirable to minimize Mc in the ramping field by twisting
the conductor more tightly than needed for stability against flux jumping.
In some conductors with extremely fine filaments, a new effect has come to light whereby
the copper matrix between the filaments becomes slightly superconducting due to the proximity
effect.  This means that the filaments are coupled together by superconducting currents [21]
which can increase the magnetization to the extent of causing unacceptable field errors in
accelerator magnets at injection.  The effect may be controlled by increasing the interfilament
spacing or by adding small amounts of Ni, Si or Mn to the copper matrix [22].
4 . MANUFACTURE OF MAGNET CONDUCTORS
4 . 1 Summary of requirements
Before moving on to the practical manufacture of magnet conductors, we begin by
recapitulating some of the requirements outlined in the previous sections.
a) Critical field and temperature:  depend on the material chemistry, it is important to get the
optimum composition for alloys and the correct stoichiometry for compounds, ternary
additions can help
b) Critical current:  depends on the microstructure, a Ti precipitates on dislocation cell
boundaries in NbTi, grain boundaries in Nb3Sn
c) Mechanical properties:  only NbTi is ductile, Nb3Sn is brittle, better in filamentary form
when supported by matrix, but still strain sensitive, Nb3Al is less so
d) For cryogenic stability, the superconductor must be combined with large quantities of
copper or aluminium — only suitable for low current density magnets
e) For stability against flux jumping, one must make a filamentary composite wire with
filament diameters < 50 mm
f) To decouple the filaments, the wire must be twisted
g) For low magnetization (field distortion), the filaments must be  ~ 5 – 10 mm diameter
h) To provide dynamic stability against flux jumping and also to maximize the MQE, the
conductor must have a low resistivity, high thermal conductivity matrix.  As discussed in
a later lecture [12], low resistivity is also necessary for quench protection.
4 . 2 Niobium titanium
Figure 21 summarizes the main steps in the production of filamentary NbTi composite
wire.  The cylindrical starting billet of NbTi is prepared by consumable arc vacuum melting.
Production of the alloy is outlined in [4];  it is important to make the alloy composition as
homogeneous as possible over the whole billet.  The NbTi billet is machined to size, cleaned
and fitted inside a copper extrusion can.  If the composite is destined to have very fine
filaments, a thin diffusion barrier of pure niobium may be interposed between the NbTi and
copper.  The purpose of this barrier is to prevent the formation of a CuTi intermetallic phase
during the heat treatments which are applied at intermediate stages throughout the manufacturing
process.  The intermetallic, which is hard and brittle, does not draw down with the filament but
instead breaks up into hard particles.  At the later stages of drawing, when the filament size
becomes comparable with these particles, the filament is broken by the particle.  If the
composite is destined for very fine filament size, it may be better to make the can of copper
doped for example with Mn, to suppress proximity effect coupling at final size.  For one of the
new experimental APC composites, the Cu or Nb pinning centres may be inserted as rods into
holes drilled in the NbTi billet.
Assembly of the billet should be carried out in clean conditions, after which it is
evacuated, sealed by electron beam welding, heated and extruded.  After cold drawing to size,
the rod is drawn through a hexagonal die and then cut into many lengths.  After cleaning, these
lengths are stacked into another copper can which is again sealed, extruded and drawn down to
final size.  For accelerator magnets, which may have up to 104 filaments, a double stack process
is often used in which the rods are again drawn into hexagonal sections and stacked in another
can.  Certain numbers and arrangements of filaments are preferred for fitting into the round can.
In wires intended for cabling, it has been found that a central core of pure copper is beneficial in
helping the wire to resist the deformation of the cabling process.
Fig. 21  Production of filamentary
NbTi/copper composite wire
Fig. 23  Three different types of transposed
twisted cable—rope, braid and Rutherford
cable
Multiple heat treatments are applied throughout the process in a defined sequence of
alternating cold work and heat treatment, which has been found to produce the best
configuration of a  Ti precipitate and hence the best flux pinning.  After reaching final size, the
wire is twisted, typically with a twist pitch of 25 mm, but tighter if destined for use in high
ramp rate fields
4 . 3 Niobium tin
Production of filamentary Nb3Sn by the bronze route [4] is similar to the process
described above for NbTi, with pure Nb filaments in a matrix of CuSn bronze.  For optimum
current density at high field, the Nb is often doped with another metal, most commonly Ti.  In
one variation of the multi-stacking process, many niobium rods are put into holes drilled in a
single bronze billet, which is then extruded, drawn and twisted as before.  The reaction heat
treatment is usually applied after the wire has been wound into its final coil shape.  A typical
heat treatment is in vacuum at ~ 700 ° C for about a week.
Many variants of the bronze process have been tried.  For the internal tin process, holes
larger than the filaments are drilled in the extrusion billet and are filled with pure tin or tin doped
with a suitable ternary addition such as Ti or Ga.  The matrix material may be either bronze or
pure copper.  In the so-called jelly-roll process, the niobium is made in the form of a sheet of
expanded metal.  It is rolled up with a sheet of bronze — like a jelly or Swiss roll — and then
packed and sealed in a can for extrusion and drawing down in the usual way.  One problem
with both these processes is a tendency for the filaments to be joined together after reaction heat
treatment, thereby increasing the magnetization and reducing the stability against flux jumping.
In the ECN [8] process, NbSn2 powder of particle size < 3 m m is mixed with tin powder
and packed into a thin-walled copper tube.  This tube is then reduced somewhat in diameter to
densify the powder and is put into an Nb tube surrounded by a copper tube.  The assembly is
extruded and drawn down to hexagonal section, which is then cut into lengths and multi-stacked
in a copper can and re-extruded.  The copper liner of the Nb tube is there to ensure that Nb3Sn
forms at low temperature (via the bronze process) during the final heat treatment.
An advantage of the ECN process is that, provided the tin does not react right through the
Nb tube, the outer copper stays pure, thereby fulfilling requirement 4.1(h).  In simple bronze
composites, the bronze remaining after reaction still contains sufficient tin to give it a high
resistivity at 4.2 K, no use for stabilization or quench protection.  Additional islands of pure
copper must therefore be included in the bronze matrix.  To protect the copper from tin
contamination during reaction, the islands must be surrounded by an inert barrier, usually Ta, as
shown in Fig. 22.
4 . 4 Cabling and insulation
A single composite wire of ~ 1 mm diameter will typically carry ~ 500 A in field, but
accelerator magnets are designed to work at 5000 – 10000 A.  It is therefore necessary to use
many wires in parallel.  To ensure that the wires share current equally, they must be combined
in the form of a twisted, fully transposed cable (remember that, with no resistance, current
sharing is dominated by inductive effects).  Figure 22 shows three different styles of transposed
cable, all of which have been used in accelerator magnets.  Because of its superior mechanical
properties, the Rutherford cable has become predominant and has been chosen for all
accelerators constructed or proposed so far.
Figure 24 shows a schematic of the machine used for making Rutherford cable.  Between
20 and 40 strands are twisted together around the mandrel which is shaped rather like a
screwdriver.  As the cable leaves the blade of the screwdriver, it enters the ‘Turk’s-head’ roller
die, which consists of four rollers arranged at right angles to form a rectangular orifice.  The
Fig. 24  Schematic of machine used to make Rutherford cable
Turk’s head die squeezes the cable into its final configuration, which typically has the cross
section  shown in Fig. 25.  Note that this cable has been given a ‘keystone’ shape by angling
the rollers slightly so that turns will fit together around the circular magnet aperture.
Fig. 25  Cross section of the LHC inner cable
Rutherford cable is usually kept slightly porous in magnet windings so that the helium
may penetrate to provide additional stability by increasing the MQE.  The insulation scheme
sketched in Fig. 26 is designed to maintain some porosity;  it consists of two layers of Kapton
tape and an outer layer of glass-fibre tape impregnated with ‘B stage’ epoxy resin.  After
winding, the coil is compressed and heated to consolidate the turns and reduce the possibility of
mechanical movement, but surprisingly it still remains slightly porous.
Fig. 26  Sample holder for measuring the critical
current of wires or cables
Fig. 27  Typical result of a short
sample measurement showing (a) Jc at
three levels of effective resistivity and
(b) a typical transition
NbTi wires intended for use as single strands are usually insulated by a standard electrical
varnish process (as used routinely for small motors and transformers) typically by applying
5 – 10 coats of polyvinyl acetal varnish.  For niobium tin, which must be reacted after winding,
the usual insulation is a braid of dry glass fibre, which is woven around the wire.  After
reaction, the whole winding is vacuum impregnated with epoxy resin.
4 . 5 Measurements
For quality control in production and to ensure that magnets perform as expected, routine
measurements must be made on samples of superconducting wire and cable.  The simplest and
most common of these measurements is the critical current versus field characteristic at constant
temperature, as used in Fig. 10.  Figure 26 shows a sample holder used at Rutherford
Laboratory and elsewhere for measuring critical current; the spiral sample is soldered to current
lead contacts at the top and bottom, voltage is measured across two turns of the spiral, the
holder fits inside the bore of a superconducting solenoid.  
For filamentary composites, it is found that the transition to the resistive state is not sharp,
but progressive as shown in Fig. 27 (b).  For this reason, it is usual to plot the critical current at
a certain level of effective resistivity as shown in Fig. 27 (a).  By considering the thermal
environment inside a magnet, one may calculate the maximum resistivity which can be sustained
within the winding before thermal runaway occurs [15].  For most windings, this resistivity is
~ 10-14 W m and this value has accordingly become the accepted standard for critical current.














where r o and Jo are defined at some arbitrary value, usually taken to be 10-14 W m.  The index n
is often taken as a measure of quality;  it is high for composites in which the filaments are
uniform along their length and low for non-uniform composites in which the filaments show
‘sausaging’ along their length.
Less frequently performed, but nevertheless valuable in providing additional data about
critical current and filament coupling, is the measurement of magnetization.  Figure 28 shows
the apparatus, which consists of a pair of balanced search coils inside the bore of a
superconducting solenoid.  The coils are connected in series opposition and the small trim coil is
rotated to compensate for any residual differences so that, with no sample in the coils, the
output is zero when the magnetic field is ramped.  Then, with a sample in one of the coils, the
integrated output provides a measure of sample magnetization.  By calibration with a known
sample or by computation of the geometry, the signal may be made absolute.  Magnetization
gives a measure of the field distortion which will be produced by the conductor when wound
into a magnet.  It gives an indication of the coupling between filaments and of the effective
filament size (which may be in doubt for some Nb3Sn composites).  It may also be used as a
measure of Jc at very low fields, where stability and self field problems can make it difficult to
perform direct transport-current measurements.
Fig. 28  Apparatus for measuring the magnetization of superconducting samples
5 . CONCLUDING REMARKS
The two technical superconductors NbTi and Nb3Sn have been the subject of continuous
development over the last 30 years.  Great improvements have been made in the critical current
density of these materials and the technology of utilization has also been developed by making
fine filaments, cables etc.  Because of its excellent mechanical properties, NbTi is by far the
most popular choice for all applications below ~ 10 T, but Nb3Sn is now being used routinely
for higher field magnets, particularly in NMR spectroscopy and general research.  All
accelerators constructed or planned so far have used NbTi, but the push towards higher fields
continues and Nb3Sn is now being seriously assessed as a candidate material for future
accelerators.  Another large scale potential user of Nb3Sn is the proposed tokamak reactor
ITER, which has recently been driving much of the development work on high field materials.
One interesting outcome from this work has been the renewed interest in Nb3Al, stimulated by
its much lower strain sensitivity.  Nb3Al has recently been achieving current densities similar to
Nb3Sn, with slightly higher critical field and temperature.  Even the old faithful NbTi has
recently been exciting new interest, with the realisation that artificial pinning centres offer the
possibility of substantial increases in critical current density.  In the light of this continuing
development effort, there seems little doubt that the performance of the low temperature Type II
superconductors will continue to improve steadily.  However, it seems more likely that any
spectacular developments at high field will come from the new high temperature materials.
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